1.54 m Er 3ϩ photoluminescent and waveguiding properties of erbium-doped silicon-rich silicon oxide ͑SRSO͒ are investigated. Optimum Er 3ϩ luminescence was obtained after an anneal of at least 5 min at 950°C, and at least 1 at. % excess silicon in SRSO was necessary for the excitation of erbium to be dominated by carriers. The refractive index and the bulk waveguide loss of erbium-doped SRSO film with 0.1 at. % erbium and 1 at. % excess silicon after the optimal anneal treatment was 1.4817 and 4.0 dB/cm, respectively. Fabrication of an erbium-doped SRSO strip waveguide using the standard Si processing techniques and the guiding of internal 1.54 m Er 
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The success of Er-doped fiber amplifiers has stimulated an active research into developing similar Er-doped planar waveguide amplifiers on Si in hopes of developing a compact, high-performance integrated optical circuits technology. Many host materials such as phosphate glass 1 and Al 2 O 3 2 have been tried, and amplification of 1.54 m light demonstrated.
A rather different but interesting material is silicon-rich silicon oxide ͑SRSO͒, which consists of silicon nanoclusters embedded in SiO 2 . In SRSO, Er can be excited not only by direct absorption of a photon, but also via carriers in the Si nanoclusters through an Auger-like interaction.
3-6 Such carrier-mediated excitation not only is orders of magnitude more efficient than the direct photon absorption, [5] [6] [7] [8] but also obviates the need for a pump laser since the incident light only has to generate photocarriers in the Si nanoclusters. Recently, we have shown that in Er-doped SRSO, the carrier-mediated deexcitation mechanisms of Er are suppressed to such a degree that the population inversion of Er may be achieved. 9 This is in contrast to Er-doped bulk Si, where it has been shown that carrier-mediated deexcitation renders its practical application difficult, 7, 8 and offers the possibility that compact waveguide amplifiers that do not require a pump laser and optical fibers to guide the pump beam may be fabricated.
In this communication, we report on the fabrication of strip waveguides using such Er-doped SRSO and the standard Si processing techniques, and demonstrate guiding of internal Er 3ϩ emission in such waveguides. The Er 3ϩ luminescence properties were optimized prior to fabrication of the waveguides.
Er-doped SRSO films were deposited by electron cyclotron resonance plasma enhanced vapor deposition of SiH 4 and O 2 with concurrent sputtering of Er. The composition of the deposited films were varied by varying the SiH 4 flow rate. The detailed deposition procedure can be found in Ref.
6. The Si content, as determined by Rutherford backscattering spectroscopy, ranged from 32.5 to 44 at. % Si, and the Er content was ϳ0.1 at. % in all samples. The deposited films were rapid thermal annealed in a flowing Ar atmosphere at temperatures ranging from 750 to 1150°C for times ranging from 2 to 20 min. Photoluminescence ͑PL͒ spectra were measured at room temperature using either the 477 or 488 nm line of an Ar laser, a thermoelectrically cooled InGaAs photodetector, and the lock-in technique. The nominal excitation power was 200 mW. A digitizing oscilloscope was used to measure the Er 3ϩ PL decay traces. Strip waveguides were fabricated using the standard SiO 2 plasma etch with Ar/CF 4 plasma and Cr masks. Figure 1 shows the Er 3ϩ PL intensities of the films with Si content of 34.1 and 40.9 at. % after isochronal anneals of 5 min duration at different temperatures. In both cases, the maximum Er 3ϩ luminescence intensity is observed after annealing at 950°C. On the other hand, the Er 3ϩ luminescence lifetime continues to increase with increasing annealing temperature, as is shown in the inset. We have also investigated the effect of annealing time by performing isothermal anneals of varying duration at 950°C. However, no significant effect of annealing time either on the Er 3ϩ PL intensity or the luminescence lifetime could be observed as long as the anneal time was greater than 5 min. 10 For a strong, carrier-mediated Er 3ϩ luminescence from erbium-doped SRSO, formation of high-quality Si nanoclusters are necessary. This explains the initial increase of the Er 3ϩ PL intensity with increasing annealing temperature, since an anneal of at least 900°C is needed to form Si nanoclusters. 6 Annealing at too high of a temperature, however, is known lead to precipitation of Er in both Si and SiO 2 .
11,12 Thus, 950°C represents the compromise between the need to form high-quality Si nanoclusters and the need to avoid formation of Er precipitates. Indeed, the overall annealing behavior is very similar to that observed from erbium-implanted oxygen-doped Si, for which a similar compromise must be made between the removal of implantation defects and the formation of Er precipitates.
13,14 Figure 2 shows the dependence of Er 3ϩ PL intensity on the Si content. We have previously shown that increasing the Si content of SRSO leads to formation of larger Si nanoclusters, in agreement with results of other researchers. 15, 16 All films were annealed at 950°C for 5 min following the results of Fig. 1 . We find that a Si content in the range of 34-41 at. % gives the highest Er 3ϩ luminescence intensity independent of the excitation wavelength. As the Si content is reduced to below 34 at. %, the PL intensity drops precipitously, and begins to show a dependence upon the excitation wavelength. Accompanying this drop in the PL intensity is a similar emergence of the dependence of the Er 3ϩ luminescence lifetime on the excitation wavelength, as is shown in the inset. This excitation-wavelength dependence of Er 3ϩ luminescence intensity and lifetime allows us to distinguish between the carrier-mediated and direct optical excitation of Er, since while both 488 and 477 nm light can excite Er via carriers, only the 488 nm excitation light can excite Er through direct optical absorption as it coincides with the 4 I 15/2 → 4 F 15/2 absorption band of Er 3ϩ . Therefore, Fig. 2 indicates that in order for carrier-mediated excitation to dominate the Er 3ϩ luminescence, at least 1 at. % excess Si is needed.
Within the composition range of 34-41 at. %, however, increasing the Si content has only a weak effect on the Er 3ϩ luminescence intensity. In contrast, the Er 3ϩ luminescence lifetime decreases strongly with increasing Si content, from 6.5 to 2 msec. A long Er 3ϩ luminescence lifetime is highly desirable for an efficient amplification by excited Er 3ϩ ions. Therefore, Fig. 2 suggests that for an erbium-doped SRSO amplifier, the lowest possible values of Si content that still allows carrier-mediated excitation should be used. Figure 3 shows the scanning electron microscope ͑SEM͒ images of a strip waveguide fabricated using such a SRSO film. The Si content of SRSO film was 34.1 at. %, and the Er content was 0.1 at. %. The SRSO film was deposited to a thickness of 1.5 m on a 1 m thick thermal oxide, and annealed at 950°C for 20 min. Strip waveguide structure of 5 m width was formed by the standard etch process for SiO 2 using the Ar/CF 4 plasma and a Cr mask. The etch depth was 2.6 m. Thus, not only SRSO but also SiO 2 layer was completely etched away. Prior to fabrication of the strip waveguide, the refractive index and the bulk optical loss of the film at 1.55 m was measured by the prism coupling method to be 1.4817 and 4.0 dB/cm, respectively. The refractive index is much higher than that of silica, which is about 1.44 at 1.55 m. Thus, small dimensions and tightly confined optical modes are expected with SRSO-based waveguides. The bulk optical loss, however, is much higher than the values reported for other host materials such as Al 2 O 3 or phosphate glasses, which are ϳ1 dB/cm or less.
1,2 Given the low Er concentration, light amplification is not yet possible with this waveguide. Further research into the reduction of the bulk waveguide loss ͑e.g., by depositing a cladding layer of SiO 2 or using a different waveguide structure͒ and optimization of the Er concentration are needed. Figure 4 shows Er 3ϩ PL spectra measured from the cleaved endface of the waveguide. The 477 nm line of the Ar laser was used to preclude direct optical excitation of Er. The excitation light was normally incident upon the waveguide, as shown schematically in the figure. The light emitted from the cleaved endface of the waveguide was collected into the monochromator by using two convex lenses with 200 mm focal length and the numerical aperture of 1/4. The internal Er 3ϩ luminescence is strong, and could be detected easily even when the spot of excitation was as far as 3 cm away from the end face, demonstrating the good waveguiding quality of the fabricated strip waveguide. An accurate estimation of the waveguide loss by comparing the Er 3ϩ PL intensity ratios as the spot of excitation is moved along the waveguide is difficult because of the background noise. A rough estimation with removal of the background noise gives a waveguide loss of 3.7 dB/cm, in reasonable agreement with the value obtained from the prism coupling method.
In conclusion, we have investigated the photoluminescent and waveguiding properties of erbium-doped SRSO. At least 1 at. % excess Si is found to be needed for carriermediated excitation of Er 3ϩ to dominate, and the optimum anneal condition was found to be 950°C for at least 5 min. The refractive index and bulk optical loss at 1.55 m was found to be 1.4817 and 4 dB/cm, respectively. Fabrication of strip waveguides using erbium-doped SRSO and efficient waveguiding of the internal Er 3ϩ luminescence by such a strip waveguide is demonstrated.
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FIG. 4. Er
3ϩ PL spectra from an end face of an erbium-doped SRSO strip waveguide. The inset shows the schematics of the PL setup used for this graph.
